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ABSTRACT 
Classical geomorphological models identify regional erosion surfaces and raise 
hypotheses, currently abandoned but largely untested, about the cumulative effects of 
tectonics and climate on the evolution of continental landscapes. Weathering 
geochronology provides the appropriate tool for testing these models. New and 
published 
40
Ar/
39
Ar geochronology of 346 grains of Mn oxides extracted from 
weathering profiles representing four regionally recognized landsurfaces in southeastern 
Brazil reveals that weathering minerals record minimum ages for the surfaces hosting 
the weathering profiles. Weathering profiles at the highest elevation surfaces are as old 
as ~ 70 Ma; those at intermediate surfaces formed post ~ 13 Ma; incipient profiles at 
incised valleys range from ~ 4-1 Ma; and the shallowest and least evolved weathering 
profiles at coastal plains yield ~ 1.0-0.8 Ma ages. The oldest and highest elevation 
landsurfaces are blanketed by deep (> 150 m) chemically stratified lateritic profiles; 
intermediate surfaces host deep saprolites (ca. 40-60 m) capped by regional stone lines; 
and shallow (5-20 m) and young weathering profiles cover the more deeply dissected 
parts of the landscape within intracontinental valleys and along the coastal plains. The 
hierarchy in ages and elevations for the weathering profiles suggests that the landscape 
in southeastern Brazil evolved through alternation of weathering-prone periods 
interrupted by periods of uplift and widespread incision. The denudation chronology 
model derived from weathering geochronology is compatible with the sedimentary 
record in adjacent offshore sedimentary basins. It is also compatible with erosion rates 
measured by cosmogenic isotopes for each of the separate landsurfaces. The results 
reveal that landscapes in the region are not in dynamic equilibrium and that they 
evolved by episodic uplift followed by denudation along retreating escarpments. 
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1. Introduction 
Since the break-up of Gondwanaland, the eastern portion of South America, sub-
Saharan Africa, and Australia were unaffected by orogenic events, and tectonic activity 
in these areas resulted primarily from intracontinental rifting and epeirogenic 
movements. Continental landscapes in these relatively stable cratonic areas have 
potentially witnessed a long history (Mesozoic-Present) of surficial exposure, 
weathering, and erosion (Fairbridge and Finkl, 1978; Vasconcelos, 1999a, Sandiford 
and Quigley, 2009; Sandiford et al., 2009). Yet, the geological record preserved in these 
shield areas does not provide easily retrievable information about continental tectonic 
and climatic evolution. Major difficulties in deciphering the geological history recorded 
in these cratonal landscapes are the paucity of datable volcanic sequences; sedimentary 
deposits, when present, are oxidized and lack datable fossil assemblages; and faults and 
folds associated with Mesozoic to Present tectonic activity are often difficult to relate to 
specific deformation events because they offset geological units or weathering profiles 
of unknown age. Considering that shields account for ~40% of Earth’s continental area, 
techniques suitable for constraining the timing of tectonic activity and climatic events 
shaping cratons may greatly increase our understanding of global geological history 
since the Mesozoic.  
An early, but largely abandoned, approach used to unravel the geological history 
of cratonal landscapes is the study of uplift and erosional histories recorded in landscape 
morphology. Long-term (10-100 Ma) continental-scale landscape evolution models 
(e.g., Davis, 1899; Penck, 1924, 1953; King, 1953) postulated that coeval regional 
landsurfaces (erosion surfaces), often sharing a common elevation, would be generated 
by widespread incision that would follow a period of tectonic uplift (Figures 1a-c). 
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Figure 1. Some long-term (10-100 Ma) continental-scale denudation chronology 
models (a-c) interpret landscape evolutions as the result of episodic surface uplift and 
erosional processes, resulting in erosion surfaces of different ages, sitting at different 
elevations, and eroding at different rates. Other models (d) assume that uplift is 
continuous, that topography is in dynamic equilibrium, and that summits and valleys 
erode at the same rate. (Modified from Grotzinger et al., 2010 and King, 1953).  
 
After incision to base level, these erosion surfaces would remain stable and free 
from significant additional denudation until a new period of uplift. The identification of 
these erosion surfaces, and their correlation at the local, regional, and continental scales 
were interpreted as supporting evidence for a history of episodic tectonic-driven surface 
uplift (epeirogenic movements in response to isostatic crustal rebound, mantle flow or 
thermal anomalies) and climate- or tectonic-driven downwearing by erosional cycles 
(Smith et al., 1999). Tectonic activity would elevate a surface above a certain base level, 
and erosion would consume that surface back to base level. The assignment of ages to 
these surfaces and cyclical processes (known as denudation chronology) was used to 
infer tectonic and climatic histories (e.g., Davis, 1899; Penck, 1924, 1953; King, 1953).  
Denudation chronology underwent a decline in credibility in the 1960’s because 
of difficulties in determining actual ages of exposed land surfaces (Chorley, 1965a). 
The ‘articles of faith’ of denudation chronology – “areas of low slope are probably 
erosional surfaces related to appropriate base levels”, “topographic flat means 
stillstand; higher is older and lower is younger, uplift is generally discontinuous” 
(Chorley, 1965a, 1965b) – are challenged by modern geomorphologists, who argue that 
identification of land surfaces is “more a product of the means of analysis than the 
physical reality” (Chorley, 1963). These concerns resulted in cyclical landscape 
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evolution models being discarded in exchange for principles of dynamic equilibrium 
(Figure 1d) (Gilbert, 1877; Hack, 1960).  
Models favoring dynamic equilibrium in steady-state landscapes dominate current 
geomorphological thought (Figure 1d) (e.g., Rinaldo et al., 1995; Fernandes and 
Dietrich, 1997; Montgomery, 2001; Roering et al., 2001; Willett and Brandon, 2002; 
Dietrich et al., 2003; Pazzaglia, 2003). However, attempts to reconcile contemporary 
Surface Processes Models (SPM) with classical concepts in large-scale geomorphology 
show that “tectonically forced SPM accommodates the large-scale behavior envisaged 
in classical and contemporary conceptual geomorphic models” (Kooi and Beaumont, 
1996). If classical landscape evolution models can be reconciled with process 
geomorphology, does it imply that erosion surfaces do exist, can be assigned ages, and 
reveal landscapes not in dynamic equilibrium and preserving memory of past processes? 
If these landscapes indeed host records of ancient processes, the tectonic and climatic 
histories implicit in denudation chronology models should be retrievable from cratonal 
landscapes if their chronological history of tectonism, weathering, and erosion were to 
be deciphered.  
Given that dating and correlating landsurfaces at local and regional scales is an 
essential component of all long-term landscape evolution models, and given that the 
ambiguity in landsurface dating and correlation is the main shortcoming of denudation 
chronology (Chorley, 1965a), an objective numerical approach suitable for 
individualizing landsurfaces at the local, regional, and continental scales should 
improve our ability to test the reliability of these largely abandoned, but not disproved, 
models.  
When a continental landsurface is exhumed and interacts with the atmosphere, 
hydrosphere, and biosphere, primary minerals weather and supergene assemblages 
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form. Weathering processes start at the surface and propagate downwards. If erosion is 
more active than weathering (weathering-limited landscapes of Carson and Kirkby 
(1972)) the weathered assemblage is removed, exposing new pristine layers of the 
underlying bedrock. If erosion slows down and the weathering front propagates faster 
then material is removed from the surface (transport-limited landscapes of Carson and 
Kirkby (1972)), the weathering profile deepens with time. The formation and 
preservation of deeply weathered profiles, particularly chemically stratified (lateritic 
profiles), is only possible if the specific point of the landsurface does not erode 
significantly after formation of the weathering profile. Therefore, if a given landsurface, 
identified based on its topographic position or some qualitative argument (e.g., depth or 
type of weathering profile), is dated through the geochronological analysis of minerals 
precipitated during weathering, denudation chronology loses much of its speculative 
and ambiguous character. 
Vasconcelos et al. (1992, 1994a, 1994b) show that supergene Mn oxides and 
sulfates can be reliably dated by the 
40
Ar/
39
Ar method. Subsequent application of 
40
Ar/
39
Ar dating of supergene Mn oxides (Dammer et al., 1996, 1999; Ruffet et al., 
1996; Hénocque et al., 1998; Vasconcelos, 1998/2002; Van Niekerk et al., 1999; 
Hautmann and Lippolt, 2000; Feng and Vasconcelos, 2001, 2007; Li and Vasconcelos, 
2002; Vasconcelos and Conroy, 2003; Carmo and Vasconcelos, 2004, 2006; Carmo, 
2005; Colin et al., 2005; Spier et al., 2006; Li et al., 2007a, 2007b; Beauvais et al., 
2008; Vasconcelos et al., 2013; Deng et al., 2014; Riffel et al., 2015; Bonnet et al., 
2014) and sulfates (Polyak et al., 1998; Mote et al., 2001; Vasconcelos and Conroy, 
2003; Arancibia et al., 2006; Bissig and Riquelme, 2010) attest to the reliability of the 
methodology.  
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Weathering geochronology suggests that landsurfaces in cratonal landscapes, 
identified based on their relative elevations, can be correlated at local (Vasconcelos and 
Conroy, 2003) and possibly regional (Vasconcelos, 1998) scales based on the ages of 
the supergene minerals and weathering profiles they contain. Landsurfaces containing 
older weathering assemblages occur at higher topographic positions, while lower 
elevation surfaces contain supergene minerals precipitated more recently. The 
geochronological calibration of topographically distinct landsurfaces in Australia 
(Vasconcelos, 1998; Vasconcelos and Conroy, 2003) has been reproduced for sites in 
Africa (Beauvais et al., 2008) and India (Bonnet et al., 2014). 
Here, we use weathering geochronology and the approach of Vasconcelos (1998) 
and Vasconcelos and Conroy (2003) to test whether it is possible to geochronologically 
distinguish regional landsurfaces in southeastern Brazil, and to use geochronology to 
test the validity of the competing long-term landscape evolution models illustrated in 
Figure 1. We also use the weathering geochronology results to estimate long-term rates 
of landscape evolution in the region. Passive continental margins and their distinctive 
landsurfaces were favorite study sites for denudation chronologists (King, 1956a), 
providing ideal settings for testing their models.  
 
2. Geologic, Tectonic, and Geomorphological Settings 
Southeastern Brazil is characterized by Archean, Paleoproterozoic and 
Neoproterozoic-Cambrian magmatism, sedimentation, burial, deformation and 
greenschist-, amphibolite-, and granulite-grade metamorphism (Heilbron et al., 2000, 
Bizzi et al., 2003). These basement units were tectonically reactivated before, during, 
and after the break-up of South America from Africa (e.g., Larson and Ladd, 1973), 
when rifting (e.g., Almeida, 1976; Riccomini et al., 1989, 2004), flood-basalt 
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magmatism and intrusion of mafic dyke swarms (Guedes et al., 2005), and 
emplacement of alkaline plutons and volcanoes along the Poços de Caldas-Cabo Frio 
Lineament (Figure 2b) (Thompson et al., 1998; Thomaz Filho and Rodrigues, 1999; 
Riccomini et al., 2004) promoted uplift and exhumation of the region. The absence of 
Mesozoic-Cenozoic magmatism north of the Poços de Caldas-Cabo Frio Lineament 
(Figure 2b) suggests that areas north and south of the Poços de Caldas-Cabo Frio 
Lineament responded differently to tectonic forces since the break-up between South 
America and Africa. 
  
Figure 2. (a) A regional digital elevation model (USGS/SRTM3”) and (b) geological 
map for Southeastern Brazil provides geomorphological and geological context for the 
five weathering zones and weathering profiles sampled in this (black circles) and 
previous studies (white circles): 1- Quadrilátero Ferrífero region  (QFVP= Varanda de 
Pilatos, QFMO= Moeda Road, QFMO2= Serra da Moeda top, QFMSM= Serra da 
Moeda Mine, QFSAP and SAP= Sapecado Mine, AND= Andaime Mine, QFCAP= 
Capão Mine, QFME= Escorpião Mine); 2- Transition zone (CLMM= Morro da Mina, 
CLETV= Estiva, CP= Cabeça de Pedra); 3- Brazilian Atlantic Plateau (Cpl= 
Campolide, SJFCa= Fazenda Cachoeira Mine, SJPEN= Penedo Mine, TX= Tratex 
Mine, PEG= Linópolis); 4- Paraíba do Sul Valley (VG= Volta Grande, MOD12= 
Resende Basin, VR= Volta Redonda Basin); 5- Coastal Range (ITB= Itaboraí, SV=  
Fervedouro); 6- Coastal Plain (FC8= Foca/Búzios). The geological map in (b) shows 
the Poços de Caldas-Cabo Frio Lineament, which separates the tectonically active 
Southeastern Brazilian Continental Rift (SBCR) from relatively quiescent Archean and 
Proterozoic terrains in the north. (c) A ~400 km long topographic traverse from the 
Quadrilátero Ferrífero to Rio de Janeiro shows that the distinct geomorphological 
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provinces investigated in this study occur at distinct elevations and host distinct types of 
weathering profiles. Cg= canga, S= soil, Col= colluvium, FDc= ferri/duricrust, Mot-ss= 
mottled sandstone, Mot-arg= mottled clay, AEZ= absolute enrichment zone, REZ= 
relative enrichment zone, Spl= saprolite, Spr= saprock, Bdr= bedrock. 
 
The geomorphology in southeastern Brazil reflects this dichotomy in tectonic 
response. The digital elevation model and topographic profile in Figures 2a and c 
illustrate that this typical rifted continental margin is characterized by a narrow low-
elevation coastal plain separated from elevated interior plateaus (Serras do Espinhaço, 
Quadrilátero Ferrífero (QF), and Brazilian Atlantic Plateau (BAP)) by a sharp scarp 
(Serra do Mar). Within the elevated continental interior, the main drainage creates 
deeply dissected interior depressions (Paraíba do Sul, Pomba, Doce, and Velhas). The 
transition between these depressions and the interior plateau is also defined by scarps 
(e.g., Serra da Mantiqueira), which effectively creates a double escarpment separating 
the continental interior from the Atlantic margin. The relatively tectonically quiescent 
continental interior is characterized by high elevation (1200-2000 m) ridges and 
plateaus (Serra do Espinhaço and Quadrilátero Ferrífero) towering over an already 
elevated (600-900 m) landscape. These plateaus are mostly underlain by quartzites and 
banded iron-formations (BIFs) and reveal a strong lithological control on topography 
(Figures 2 and 3).  
 
Figure 3. A 50-m resolution digital elevation model (a) shows that major 
geomorphological features in the Quadrilátero Ferrífero region (ridges and high-
elevated plateaus, valleys, surrounding rolling hills) show strong lithological controls 
(b) (Bizzi et al., 2001). White and yellow circles identify weathering profiles sampled 
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on plateaus and dissected valleys, respectively (weathering profiles: CP= Cabeça de 
Pedra, VP= Varanda de Pilatos, MO= Serra da Moeda, MOtop= top of Serra da Moeda, 
MSM= Serra da Moeda Mine, CAP= Capão Mine, ME= Scorpion Mine, MM= Morro 
da Mina Mine, ETV= Estiva). 
 
Transects from the Quadrilátero Ferrífero to the coast at Rio de Janeiro reveals 
that weathering profiles are deeper in the continental interior and become progressively 
shallower and less chemically stratified towards the coast (Figure 2a,c). As time is one 
of the factors controlling the evolution and depth of weathering profiles, we postulate 
that the variation in profile stratigraphy and depth along the traverse from Belo 
Horizonte to Rio de Janeiro (Figure 2a,c) may correlate with their ages. If this 
hypothesis is correct, wethering profiles should become progressively younger from the 
interior to the coast. To test this hypothesis, we sampled and dated 23 distinct 
weathering profiles from five geomorphological provinces – QF, BAP, the Paraíba 
(PSV) and Pomba valleys, and the coastal plain (CP) at Búzios (Figure 2a,c) – where we 
were able to find K-bearing supergene Mn oxides. We also dated weathering profiles at 
the QF-BAP transition zone. Unfortunately, none of the weathering profiles from the 
coastal tablelands investigated contained datable Mn oxides.  
 
3. Sampling and Analytical Procedures 
3.1 Mapping and sampling methods 
Mapping and documentation of the regional distribution and depth of weathering 
profiles in southeastern Brazil result from over 30 years of field work in the region, 
visits to mine sites, quarries, and road cuts, and collection of drill-hole information from 
exploration and mining projects. Several of the mine sites have been visited and 
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sampled in more than one occasion, yielding a wealth of data on depth, stratigraphy, and 
mineralogical composition of the weathering profiles (Vasconcelos et al., 1992; Carmo 
and Vasconcelos, 2004, 2006; Spier et al., 2006). 
Several weathering profiles, from distinct elevations and geomorphological 
provinces, were sampled (Figures 2, 3 and Table 1). For each province, we dated 
several profiles, a few kilometers and up to 200 km apart, to test whether they could be 
locally and regionally correlated based on their ages. Samples were preferentially 
collected along vertical transects on exposed mine sites and road cuts; some samples 
were obtained from exploration drill cores (sites SAP and AND – Table 1). 
 
3.2 Sample selection and preparation 
One hundred and ten hand specimens, representing 23 weathering profiles and 
containing visually distinct generations of Mn oxides, were sub-sampled, yielding a 
total of 136 samples for geochronology (Appendix A). All samples were crushed and 
washed in an ultrasonic bath (ca. 1 hour) with absolute ethanol. For each sample, 
approximately 20-30 Mn oxide grains (0.5-3 mm) were handpicked under a binocular 
microscope and underwent petrographic and mineralogical analyses. Representative 
aliquots from suitable samples underwent 
40
Ar/
39
Ar laser incremental-heating analyses. 
 
3.3 Petrographic and mineralogical analyses  
Before 
40
Ar/
39
Ar analysis, Mn oxide samples were petrographically and 
mineralogically characterized. Scanning electron microscopy (SEM) and electron 
microprobe analysis (EMPA) of sub-aliquots of samples selected for 
40
Ar/
39
Ar 
geochronology were used to determine the purity of the grains, to identify the Mn oxide 
minerals, and to determine their K and Ca contents. Mineralogical analyses were 
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conducted at the Centre for Microscopy and Microanalysis at the University of 
Queensland (CMM-UQ) using a Phillips XL30 SEM with an EDS (energy dispersive 
spectrometer) system, a JEOL JSM6400F field emission SEM, and a JEOL8800L 
electron microprobe (EMP) equipped with four wavelength dispersion (WD) crystal 
spectrometers. Three to five grains from each sample were mounted on a polished 
acrylic disk, fixed with epoxy, polished, and carbon coated. One to three grains from 
each sample were qualitatively analyzed by EDS, and we probed approximately 5000 
spots on 70 samples and 100 individual grains. The analyses were performed at 15 nA 
current, an accelerating voltage of 15 kV, and a beam diameter that varied from 0.1 to 
10 µm. Thirteen elements were analyzed using 11 standards: MnO (Mn and O), Cl-
apatite (P), CoO (Co), PbS (Pb), Al2O3 (Al), Fe2SiO4 (Fe, Si), ZnO (Zn), CaSO4 (Ca), 
BaSO4 (Ba), NaAlSi3O8 (Na) and KAlSi3O8 (K), and O was analyzed as unknown. Data 
acquisition and reduction used the JXA-8800L "Basic Software 1", and metal  
correction. 
 
3.4 
40
Ar/
39
Ar analysis 
After petrographic and mineralogical investigations, 5-10 grain (0.5-2 mm) 
aliquots from each sample were mounted in 21-pit aluminum disks together with Fish 
Canyon sanidine neutron fluence monitor, following irradiation package of Vasconcelos 
(1999b). The disks were wrapped in Al-foil, vacuum-sealed in silica glass tubes, and 
irradiated. Eight disks were irradiated for 30 hours at the IPEN/CNEN IEA-R1 nuclear 
reactor (at The University of São Paulo – USP) and analyzed at the CPGeo-USP Argon 
Laboratory, following the procedures of Vasconcelos et al. (2002). A second set of 
seven disks were irradiated for 14 hours at the Oregon State University Triga Reactor 
(OSTR/OSU - CLICIT Facility) and analyzed at The University of Queensland Argon 
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Geochronology in Earth Sciences (UQ-AGES) Laboratory, following the procedures of 
Vasconcelos (1999b). Most of the analyses (224) were carried out at UQ-AGES, but 
122 grains were analyzed at the CPGeo-USP Argon Laboratory. Cooling periods for the 
irradiations varied between 2.5 months and 1.2 years (Appendix B). The 1-1.2 year gap 
between irradiation and analysis (parts of runs 15, 43 and 68) is irrelevant because the 
grains analyzed are devoid of significant Ca concentrations, and thus the Ca corrections 
would not alter the geochronological results. During Ar analysis, air pipettes and full 
system blanks were analyzed before and after each grain, yielding 
40
Ar/
36
Ar 
discrimination values ranging from 0.9976 ± 0.0012 to 1.0130 ± 0.0008 (Appendix B). 
All dates are reported using 5.543 x 10
-10
 a
-1
 as the total decay constant for 
40
K (Steiger 
and Jager, 1977), 298.56 ± 0.31 for the 
40
Ar/
36
Ar atmospheric ratio (Lee et al., 2006), 
and the values for the reactor correction factors are (Appendices C and D): (2.39 ± 0.01) 
x 10
-4
 for (
36
Ar/
37
Ar)Ca, (6.41 ± 0.04) x 10
-4
 for (
39
Ar/
37
Ar)Ca and (7.7 ± 2) x 10
-4
 for 
(
40
Ar/
39
Ar)K, at IPEN/USP; and (2.59 ± 0.006) x 10
-4
 for (
36
Ar/
37
Ar)Ca, (9.0 ± 0.3) x 10
-4
 
for (
39
Ar/
37
Ar)Ca and (8 ± 3) x 10
-4
 for (
40
Ar/
39
Ar)K at OSTR. The values for the 
IPEN/CNEN IEA-R1 nuclear reactor were calculated from the analysis of Ca and K 
salts and glasses from several irradiations (Vasconcelos et al., 2002). The values for the 
OSTR reactor are periodically determined in our lab and compared to results from the 
Berkeley Geochronology Center researchers (Berkeley, USA). The J factors, calculated 
assuming a Fish Canyon sanidine age of 28.201 ± 0.046 (Kuiper et al., 2008), range 
from 0.003498 ± 0.000013 to 0.004781 ± 0.000009 (Appendix B). Appendix B 
summarizes J factors, 
40
Ar/
36
Ar discrimination, and reactor correction factors from this 
study and previously published data (Vasconcelos et al., 1994b; Carmo and 
Vasconcelos, 2004; Spier et al., 2006). 
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The accuracy of our results rests on validating the results obtained for the Mn 
oxides against ages obtained for standards GA1550 biotite (99.769 ± 0.108 Ma) and AC 
sanidine (1.2061 ± 0.019 Ma) (Renne et al., 2010) irradiated and analyzed together with 
our samples (Appendix C). 
The shape of incremental heating spectra provides information on some 
mineralogical and crystallographic aspects of the dated Mn oxides (e.g., possible 
presence of contaminants or various generations of Mn oxyhydroxides and the argon 
retentivity for the samples) as described in detail by Vasconcelos (1999a). Plateau ages  
were calculated by taking the mean weighted value by inverse variance of three or more 
contiguous steps in the incremental-heating spectra that represented more than 40% of 
the 
39Ar gas released, and whose errors were within 2σ from the mean value (Fleck et 
al.1977); plateau age errors were calculated as the standard error of the weighted mean; 
the integrated ages were calculated by isotopic recombination of steps; and integrated 
age errors were calculated as the standard error of the weighted mean. If a series of 
analysis did not form a plateau according to the definition above, but still provided a 
relatively flat segment in the incremental heating spectrum, forced-plateau ages were 
calculated for the steps defining the flat segments. Single steps that yield more than 
40% of the 
39
Ar gas released from a grain and whose ages are compatible with plateau 
ages obtained for other grains from the same sample or for other samples from the same 
weathering profile are also highlighted in Appendix C. Isotope correlation diagrams 
(
39
Ar/
40
Ar vs. 
36
Ar/
40
Ar) were plotted for each grain to investigate the possible presence 
of excess 
40
Ar; no excess 
40
Ar was detected. Probability density plots are used to 
illustrate the range of ages obtained for the samples – calculated as the weighted mean 
and the standard error of the weighted mean of all individual step ages – and to compare 
age distributions obtained for different minerals or sites (Vasconcelos, 1999b). 
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4. Results 
4.1 Weathering profile stratigraphy in southeastern Brazil 
Characterization of weathering profiles along a 400 km Belo Horizonte-Rio de 
Janeiro traverse (Figure 2a,c) shows a consistent trend. Weathering profiles in the high 
elevation QF are deep (150 m on average, and up to 400 m) and complete lateritic 
profiles (as defined in Anand and Paine, 2002) capped by ferruginous duricrusts (Figure 
2c). The transition (TR) from the QF to the surrounding BAP can be an abrupt scarp 
(Figure 2c) or a ramp containing progressively more deeply truncated weathering 
profiles (Figure 2c) as one descends from the QF (ca. 1200-2000 m elevation) towards 
the lower elevation (700-900 m elevation) BAP (Carmo, 2005). The BAP hosts 
truncated or incomplete weathering profiles (devoid of significant duricrusts) with 
average depths ranging from 40-80 m (Figure 2c) (Carmo and Vasconcelos, 2004). 
These profiles consist of deep saprolites and saprocks often capped by colluvium 
separated from the underlying saprolites by stone lines (Carmo and Vasconcelos, 2004, 
2006). Weathering profiles in the depressions (< 250 m elevation; Doce, Pomba, and 
Paraíba do Sul Valleys – Figures 2a,c) are relatively shallow (< 20 m) and formed on 
recently exposed bedrock or Cenozoic sediments (Carmo, 2005). Finally, weathering 
profiles on the CP vary from incipient to relatively deep (up to 20 m) saprolites, but are 
typically <5 m thick. We sampled and dated Mn oxides from the five types of 
weathering profiles illustrated in Figure 2c. 
 
4.2 Mineralogical and compositional analysis 
Most of the samples analyzed by 
40
Ar/
39
Ar geochronology are hollandite-group 
Mn oxides ((K, Ba, Pb, Cu)1-2Mn8O16·xH2O) with compositions ranging from 
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cryptomelane to hollandite (Figure 4). Potassium contents reach up to 6 wt%; QF 
samples show the lowest average K values (0.5-1 wt%) and samples from CPL, SJFCa, 
and VG have the highest (> 3 and up to 6 wt% K). Mn oxides from the QF region, VG, 
and MOD12 profiles (PSV region) also show significant Ba contents (2.5-7 wt%). 
Manganese oxide compositions commonly reflect local environmental conditions. High 
Fe contents are typical of oxides precipitated in weathering profiles overlying BIFs, 
while high Al contents are characteristic of Mn oxides associated with saprolites 
overlying weathered gondites and pegmatites. Minor lithiophorite, pyrolusite, bixbyite, 
and romanechite are also present in the material sampled for this study. Samples 
displaying different textures – colloform, massive, granular, patchy, and porous – were 
analyzed (Figure 5).  
 
Figure 4. (a) Mn, O, K, and Ba contents for representative Mn oxide grains analyzed 
by 
40
Ar/
39
Ar geochronology from all four geomorphological provinces show 
compositions consistent with cryptomelane stoichiometry. The potassium contents show 
that the majority of the grains are suitable for geochronology. (b) Elemental correlation 
diagrams (Mn vs. O and K vs. Ba) for Mn oxides for each province separately also 
show that Mn oxide compositions reflect local lithology and weathering profile 
composition. (c) A detailed electron microprobe traverse (593 points) across a 
colloform cryptomelane grain (sample PEG-01, from BAP region) shows cyclic 
variations in Mn, O, K, Si, and Al contents that likely reflect changes in composition of 
the weathering solutions through time. 
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Figure 5. Backscattered electron images illustrate representative textures and 
mineralogy of Mn oxide grains (cml= cryptomelane) investigated in this study. Most 
grains display textures varying from colloform to massive (a-d); granular textures with 
the presence of goethite and hematite inclusions are common in QF samples (e,f); 
patchy textures reveal that some Mn oxide grains are partially etched and replaced by 
iron hydroxides (g); and porous grains (h) often yield large amounts of atmospheric 
40
Ar, posing challenges to 
40
Ar/
39
Ar geochronology. 
 
4.4 
40
Ar/
39
Ar analysis 
The results underpinning our conclusions include the laser incremental heating 
analysis of 346 grains of supergene hollandite-group Mn oxides, extracted from 136 
samples collected from 23 distinct weathering profiles located on four different 
landsurfaces. Some of the results interpreted here have been published elsewhere 
(Carmo and Vasconcelos, 2004, 2006; Spier et al., 2006). However, we present 195 
new incremental-heating analyses and discuss the geomorphological implication for the 
entire southeastern Brazil dataset. The laser incremental-heating 
40
Ar/
39
Ar 
geochronology data are summarized in Table 2 and representative spectra are shown in 
Figure 6. Appendices C and D show the complete dataset (incremental-heating spectra, 
analytical results, J factors, correction factors, 
40
Ar/
36
Ar discrimination, etc.) interpreted 
here. 
The various hollandite-group minerals analyzed, their large range in crystallinity, 
porosity, and K-contents, their variable textures often revealing more than one 
generation of Mn oxides (Figures 5a-c), the abundance of intergrown phases, and the 
possible occurrence of primary contaminants in some samples (despite careful screening 
of the grains submitted for irradiation) account for the various types of 
40
Ar/
39
Ar spectra 
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obtained in this study. A cursory examination of the diagrams in Figure 6 and Appendix 
C reveals two major groups of spectra: those whose individual steps reveal small errors 
and largely concordant ages (e.g., QF – grain 418; TR – grain 688; BAP – grain 220; 
PSV – grain 1970; and CP – grain 6628) (Figure 6l,w, x, ae, af, aq, ar, az, ba); and those 
showing large error bars for individual steps, ascending or descending age patterns, and 
large variations in ages of individual steps or groups of steps (e.g., Figure 6b, o, r, t, z). 
The first group, whether they define plateau ages or not, identify Mn oxide grains 
composed of K-rich (>1 wt%) well-crystallized hollandite devoid of contaminants. The 
second group includes grains poor in K, composed of porous or poorly crystalline 
hollandite or hollandite often intergrown with other minerals (e.g., lithiophorite, 
pyrolusite, goethite, etc.), or intimately intergrown generations of Mn oxides ranging 
greatly in age. More detailed explanation for the various types of spectra obtained for 
supergene Mn oxides is available in Hautmann and Lippolt (2000), Hénocque et al. 
(1998), Spier et al. (2006), Vasconcelos (1999a, 1999b), and Vasconcelos and Conroy 
(2003). Forty-two grains did not yield reliable results because the samples were either 
contaminated by remnants of primary K-bearing minerals or did not contain sufficient K 
– these results were not considered in our interpretation. 
Of the 346 grains analyzed, 189 yield plateau ages and 51 yield forced-plateau 
ages (Figure 6 and Table 2). Many grains (~ 60), particularly from the QF samples, 
yield complex ascending or descending staircase spectra or spectra defined by small 
(less than 40% of total 
39
Ar released) flat segments that do not characterize plateaus or 
forced-plateaus (e.g., grains 414-01, 02, and 03, Appendix C). Our initial response was 
to exclude these resuls from any further consideration. However, after analyzing a large 
number of grains, it became apparent that these complex spectra were not random, and 
that they were generally reproducible for several grains from the same sample and 
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several samples from the same site. We interpret this reproducibility to indicate that 
these complex spectra record a real geochronological signal and that they should not be 
discarded. Further scrutiny also reveals that many of the flat segments in the complex 
spectra correspond to ages defined by true plateaus in other grains from the same 
profile. Therefore, we interpret the complex spectra as the result of gases extracted from 
mixed reservoirs in grains containing intimately intergrown generations of K-bearing 
Mn oxides of various ages, compositions, crytallinities, and Ar retentivities. These 
complex patterns do not permit retrieving reliable precipitation ages for each of the 
various generations of manganese minerals hosted within a grain. However, when a 
large number of grains from a profile are analyzed, the recurrence of the same age 
segments or steps generates a statistically meaningful population ranging from the 
maximum to the minimum ages recorded in the profile. When plotted on probability 
density plots, those results permit retrieving meaningful information about the age 
interval during which the profile evolved. Therefore, we do not discard the results for 
grains that yield complex spectra and included them in the probability density plots.  
 
5. Discussion 
The results presented here provide a comprehensive and statistically robust 
geochronological database on the regional distribution and evolution of weathering 
profiles, constituting a reliable dataset to test whether weathering geochronology is a 
sound approach to date regional-scale landsurfaces, calibrate denudation chronology, 
estimate long-term erosion rates, and test the validity of long-term landscape evolution 
models. 
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5.1 Dating supergene minerals, weathering profiles, and landsurfaces with 
40
Ar/
39
Ar geochronology 
 
 5.1.1 Reproducibility of results 
A test of the reliability of weathering geochronology is the reproducibility of 
results for several grains extracted from the same sample. Table 2, Figure 6, and 
Appendices C and D illustrate that the majority of the samples analyzed in duplicate or 
triplicate yield nearly identical incremental heating spectra with plateau ages 
reproducible at the 2 confidence level. Even grains that do not define plateaus still 
yield reproducible spectra.  
A noticeable feature is that the reproducibility of results for different grains from 
a same sample decreases with increasing age. For example, grains analyzed in duplicate 
or triplicate from the BAP (Figure 6) and from the Paraíba do Sul valley (Figure 6) 
show excellent reproducibility at the 2 confidence level, while results for samples 
from the QF (Figure 6) are less reproducible. We attribute this greater variability to the 
longer history of exposure experienced by the samples from the QF. Weathering 
profiles are open systems, subject to continuous influx of meteoric solutions. Therefore, 
supergene minerals in weathering profiles may record a prolonged history of water-rock 
interaction. The success of weathering geochronology depends largely on the 
preservation, under a state of metastability, of minerals precipitated early in the 
weathering history. Geochronological results confirm that supergene minerals persist 
for several millions to tens of millions of years in weathering profiles, clearly revealing 
that, once precipitated, these minerals acquire stability with respect to the prevailing 
environmental conditions; only drastic changes in these conditions may promote the 
partial or total dissolution and reprecipitation of the supergene phase (Vasconcelos et 
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al., 1994b; Vasconcelos, 1999). However, continuous exposure to weathering solutions 
through time may promote local recrystallization, accounting for the greater complexity 
of spectra often obtained from Mn oxides from older weathering profiles. 
 
5.1.2 Ages of distinct weathering profiles and geomorphological provinces 
To properly characterize each geomorphological province, we dated several 
weathering profiles from each province: seven distinct sites at the QF; two on the slopes 
in the transition between the QF and the BAP; five at the BAP; three within the Paraíba 
do Sul valley; and two at the CP in Búzios.  
Distinct sites within the same geomorphological province yield similar weathering 
ages, while distinct geomorphological provinces yield distinct ages (Table 2, Figures 6 
and 7, and Appendices C and D). Quadrilátero Ferrífero profiles (Figures 6 and 7) 
record predominantly older results (> 20 Ma) and more complex incremental heating 
spectra, suggesting older and mixed generations of supergene phases. The transition 
zone between the QF and the BAP host Mn oxides precipitated between ca. 30 and 2 
Ma (Figures 6 and 7). Mn oxides from weathering profiles in the BAP yield ages 
between 13 and 2 Ma, clustering in the 13-6 Ma range. Samples from the most incipient 
profiles in the dissected Paraíba do Sul and Pomba valleys range from 4-1 Ma, and 
those from the CP at Búzios cluster at ca. 1.0-0.8 Ma (Figures 6 and 7).  
 
Figure 6. Representative incremental-heating spectra for the 346 Mn oxide grains 
from the various geomorphological provinces (QF, TZ, BAP, PSV, and CP) and profiles 
dated in this study show each sample identified by a unique laboratory number (e.g., 
2485), followed by a grain number (e.g., 2485-01, 2485-02) where the digits -01, -02, -
03, etc. identify replicate grains analyzed for a sample. “Forced plateaus” and “single 
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step apparent ages” (identified by * and **, repectively, and defined in the text) for 
most grains yields a robust geochronological database for the regional weathering 
profiles in southeastern Brazil. 
 
Figure 7. (a) Probability density plots for all the 346 grains analyzed by 
40
Ar/
39
Ar  
geochronology in this study, also illustrating the number of individual analysis for each 
site and the 
39
Ar contents (proxy to K contents) characteristic of each site. The curves 
represent data from each of the five geomorphological areas (QF= Quadrilátero 
Ferrífero region, BAP= Brazilian Atlantic Plateau, TR= Transition Zone, PSV= Paraíba 
do Sul Valley, and CP= Coastal Plain) investigated. (b) An age vs. elevation correlation 
plot shows that higher elevation weathering profiles contain older minerals, and that 
minerals become progressively younger towards lower elevation sites. The maximum 
age at each site is the best estimation of the minimum “age of the weathering profile”. 
The spread in weathering ages within each surface indicates that these surfaces have 
been continuously exposed and subject to weathering conditions since their exhumation. 
The internal consistency in ages obtained within each geomorphological province 
confirms that 
40
Ar/
39
Ar ages of Mn oxides indeed yield minimum ages for the erosion 
surfaces (Figures 7, 8, and 9).  
 
Figure 8. Maximum ages for each of the weathering profiles dated in this study plotted 
on King’s (1956a) denudation chronology map for southeastern Brazil confirm the 
hierarchy in landscape ages, but not necessarily the absolute ages, proposed by King 
(1956a). 
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5.2 Calibrating denudation chronology 
The geomorphological provinces targeted in this study (Quadrilátero Ferrífero, 
Brazilian Atlantic Plateau, Paraíba do Sul Valley, and Coastal Plains) were mapped in 
detail by King (1956a). Guided by conceptual models of erosion surfaces and erosion 
cycles, he recognized four distinct surfaces and denudation cycles in southeastern 
Brazil: Gondwana and post-Gondwana (Mesozoic), Sul-Americana (Early Cenozoic), 
Velhas (Late Cenozoic), and Paraguaçu (Quaternary) (Figure 8). King’s (1956a) 
denudation landscapes roughly correspond to some of the broad geomorphological 
provinces presently recognized (Figures 2a,c and 8): the Gondwana and post-Gondwana 
surfaces correspond to the Serra do Espinhaço and Quadrilátero Ferrífero ridges and 
plateaus, and some summits at Serras do Mar and da Mantiqueira; the Sul Americana 
surface corresponds to dissected areas within the Serra do Espinhaço and Quadrilátero 
Ferrífero, and to ridges in the Brazilian Atlantic Plateau and Serras do Mar and da 
Mantiqueira; the Velhas surface corresponds to the dissected areas in the Brazilian 
Atlantic Plateau and to most lowlying areas in the Serras do Mar and da Mantiqueira; 
and the Paraguaçu surface correlates with the Paraíba do Sul, Doce, Itapemirim and São 
Mateus Valleys and the coastal plains (Figures 2a,c and 8).  
The most ancient components of the landscape, the Gondwana and Post 
Gondwana surfaces, contain the deepest, most stratigraphically complex, and oldest 
weathering profiles in the region (ca. 70 Ma) (Figure 8). The two transitional areas 
sampled between the Quadrilátero Ferrífero and the Brazilian Atlantic Plateau, the 
Morro da Mina complex in Conselheiro Lafaiete and the Cabeça de Pedra profile near 
Sabará (MG), provide a minimum age of ca. 30 Ma for this transitional landscape 
characterized by partially truncated weathering profiles.  
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Four sites from the Brazilian Atlantic Plateau, as far as 200 km apart from each 
other and located within King’s late Cenozoic Velhas surface (King, 1956a), yield 
minimum ages of ca. 10, 13, 8, and 10 Ma, consistent with the landsurface map in 
Figure 8. A fifth site, also yielding a minimum age of ca. 10 Ma along the Rio Doce 
valley, and apparently placed within the Paraguaçu surface of King (1956a), appears to 
violate the correlation between our geochronological results and the denudation 
chronology map of King (1956a) (Figure 8). However, closer scrutiny of the landscape 
in that region (Figures 2a, 8) shows accentuated relief in the area, where several peaks 
exceed 800 m elevation. Despite the fact that dissected low-elevation valleys 
predominate, the deeply weathered pegmatites from where our samples were collected 
are located on hills whose elevations would place them on King’s Velhas surface, and 
not on the more recent Paraguaçu surface that characterizes the valleys and plains.  
Finally, samples whose topographic positions and incipient weathering profiles 
are consistent with their origin in the Paraguaçu surface of King (1956a) yield the 
youngest results in this study (< 4 Ma) (Table 2, Figure 8). 
As shown in Figure 8, geochronology confirms the hierarchy of landsurfaces and 
processes proposed by King (1956a), but not their absolute ages (Figure 8). This 
discrepancy could result from an error in King’s estimated ages (King, 1956a) or from 
the fact that we can only determine the minimum ages of weathering profiles and their 
hosting surfaces. 
 
5.3 Weathering ages as constraints on local erosion rates  
It is not possible to measure erosion rates directly from weathering geochronology 
results. But the depth, stratigraphy, and ages of weathering profiles can be used to 
constrain maximum average erosion rates at each site. For example, lateritic weathering 
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profiles composed of various chemical-stratigrahic horizons (saprock, saprolite, 
bleached zone, mottled zone, duricrust, and soil, Figure 2d) imply a long history of 
exposure to chemical and physical weathering but limited physical erosion (Nahon, 
1986; Vasconcelos, 1999b). Otherwise, the Fe-cemented duricrusts that characterize 
these landscapes would not form or be preserved. In contrast, incipient weathering 
profiles (Figure 2d) imply either recent exposure or high rates of erosion (Vasconcelos, 
1999b). 
 
Figure 9. (a) A topographic profile through the areas investigated in this study (Figure 
2a) identifies the main geomorphological provinces and shows the relative elevations, 
average depths, and ages of the weathering profiles dated by 
40
Ar/
39
Ar geochronology. 
Assuming steady-state since the initial formation of each weathered landsurface results 
in the erosion rates illustrated in (a). On the other hand, if the premises in Section 6.4 
are accepted, and the QF weathered landsurface and its minimum age is extrapolated 
laterally to the east at their present day elevation (b), it permits determining maximum 
thickness of crust removed from the QF, BAP, PSV, and CP by long-term (70 Ma) 
erosion. The estimated thicknesses of the eroded column (maximum of 150 m for the 
QF, 650 m for the BAP, 1250 m for the PSV, and 1650), would imply average Cenozoic 
erosion rates of ca. 2.1, 9.3, 17.9 and 23.6 m·Ma
-1
 for the QF, BAP, PSV, and CP, 
respectively, for the period between 70 Ma and the Present.  
 
Figure 9a illustrates a regional topographic profile extending from the Serra do 
Espinhaço to the QF, passing through the SJFCa and CPL sites in the BAP, and 
reaching the lowermost topographic point at the Rio Pomba and Paraíba do Sul valleys 
and the CP. Cross-sections through representative weathering profiles in each of the 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
EARTH_2561_original - 2/10/2018 
 
26 
areas illustrate that average weathering depths at the QF are typically ~ 150 m deep, ~ 
60 m deep at the BAP, at ~ 20 m deep at the PSV, and ~ 5 m deep for the CP. 
Maximum ages for the weathering profiles at each location are ca. 70 Ma for the QF, 13 
Ma for the BAP, 4 Ma for the PSV, and 1 Ma for the CP. Assuming that the weathering 
profiles present today are representative of the types and depths of weathering profiles 
present in each of the areas for the past 70, 13, 4 Ma, and 1 Ma, respectively, and 
assuming that the oldest minerals present in the weathering profiles today were 
precipitated at the weathering-bedrock rock interface (Carmo and Vasconcelos, 2006), 
(i.e., assuming steady-state landscape evolution for each surface since its formation), it 
is possible to infer a maximum eroded column of ~150 m for the QF for the past 70 Ma, 
~60 m for the BAP for the past 13 Ma , ~20 m for the PSV for the past 4 Ma, and ~5 m 
for the CP for the past 1 Ma. This results in maximum average erosion rates of ~ 2 
m·Ma
-1
 for the QF for the past 70 Ma and ~ 5 m·Ma
-1
 for the each of the other surfaces: 
the BAP for the past 13 Ma;  the PSV for the past 4 Ma; the CP during the past 1 Ma 
(Figure 9a). If the assumption that the oldest minerals were precipitated at the 
weathering bedrock interface is incorrect, and these minerals actually precipitated 
somewhere higher in the profile, it would imply even lower erosion rates. In the 
following section, we contrast erosion rates estimated here from the steady-state 
assumption with those derived from a surface reconstruction approach. 
 
5.4 Measured ages and the postulated regional extrapolation of paleo landsurfaces: 
implications for long-term regional erosion rates 
Denudation chronologists propose a continental or supercontinental distribution 
for landsurfaces (King, 1956a). Accepting that paleo landsurfaces were regionally 
extensive and that younger landsurfaces evolved by erosion of older surfaces after 
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tectonic reactivation and uplift, it is possible to use the regional horizontal (one could 
always argue that the surfaces could have been inclined upwards or downwards, but in 
the absence of independent geological evidence, the simples case – horizontal 
extrapolation – is the most conservative assumption) extrapolation of paleo landsurfaces 
and their minimum ages derived from weathering geochronology to calculate long-term 
erosion rates (Figure 9b). This approach, illustrated in Figure 9b, results in estimated 
erosion rates of 2.1 m·Ma
-1
 for the QF, 9.3 m·Ma
-1
 for the BAP, 17.9 m·Ma
-1
 for the 
PSV, and 23.6 m·Ma
-1
 for the CP from 70 Ma-Present. These calculated long-term 
erosion rates may be compared to results obtained from independent methods (e.g., 
cosmogenic isotope studies) to verify their validity. 
For example, cosmogenic 
3
He concentrations on hematites and goethites in 
duricrusts from the QF yield long-term erosion rates of 0.1-2.8 m.Ma
-1 
(Shuster et al., 
2012; Monteiro et al., 2017), consistent with rates calculated from the weathering 
geochronology record. These rates are also consistent with shorter-term (< 5-2 Ma) 
erosion rates from in situ cosmogenic 
10
Be studies, which show that quartzites at high 
elevations in the QF erode at less then 3 m·Ma
-1
 (Salgado et al., 2006, 2007a).  
Similarly, cosmogenic 
10
Be from river sediments in dissected areas of the QF, i.e., 
in the transition zone from the QF to the BAP, yield erosion rates of 5-15 m·Ma
-1 
(Salgado et al., 2007b), values compatible with those calculated from denudation 
chronology for the BAP (9.3 m·Ma
-1
, Figure 9b).  
Finally, average long-term erosion rates from the weathering geochronology 
record for the PSV (17.9 m·Ma
-1
) and the CP (23.6 m·Ma
-1
) (Figure 9b) concur with 
erosion rates measured from 
10
Be concentrations in river sediments (13-90 m·Ma
-1
, 
mean = 32 m·Ma
-1
, and median = 23 m·Ma
-1
) in the region (Gonzales et al., 2016).  
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5.5 AFT and AHe thermochronology and the episodic uplift and denudation of 
landsurfaces  
Classic denudation chronology models invoke episodic uplift, but some 
researchers argue that a history of prolonged exposure should produce steady 
denudation and continuous uplift by isostatic rebound. Apatite fission track and (U-
Th)/He thermochronology (AFT and AHe) studies in southeastern Brazil helps to 
elucidate whether the area underwent monotonic or episodic cooling and uplift. 
Investigations by Carmo (2005), Carmo et al. (2010), and Kohn et al. (2016) along 
traverses through our study areas reveal an increase in AFT age with increasing distance 
from the coast. These results are compatible with similar results obtained further south 
by Gallagher et al. (1994) and Cogné et al. (2011, 2012). Eroded columns estimated 
from AFT and (U-Th)/He thermochronology are shallower in the interior (1-2 km) and 
thicker towards the coast (up to 4km), consistent with the preservation of older 
weathering profiles in the continental interior. Thermochronology also reveals an 
episodic history of denudation-driven cooling, but the number of cooling episodes and 
their timing varies among studies: two (90-60 and 20-0 Ma) in Cogné et al. (2011); 
three (100-70, 60-45 and 12-0 Ma) in Cogné et al. (2012); four (220-190, 90-70, 35-20, 
and 10-0 Ma) in Carmo (2005) and Carmo et al. (2010). While the number of cooling 
events, their exact timing, and the amount of erosion associated with each event is still 
debatable, the results conclusively show an episodic history of uplift and denudation. 
This episodic thermochronological history is interpreted to record alternating 
periods of compression and extension resulting from far-field stresses driven by 
variations in convergence rates between western South American and the Pacific plate 
and divergence rates at the Mid-Atlantic Ridge (Lima et al., 1997; Lima, 1999, 2003; 
Cobbold et al., 2007; Cogné et al., 2011, 2012; Karl et al., 2013). It may also record 
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transient thermal anomalies related to late Cretaceous-Eocene alkaline magmatism 
(Thompson et al., 1998).  
The episodic thermochronological history is consistent with our weathering 
geochronology record. The 
40
Ar/
39
Ar weathering history is compatible with a main 
denudation event before 70 Ma (Carmo, 2005; Carmo et al., 2010; Cogné et al., 2012), 
which exhumed the surfaces that were subsequently weathered (main weathering 
episode from 70-40 Ma) and are still preserved in the QF. The weathering 
geochronology record suggests two subsequent denudation events: 40-13 Ma, which 
would have resulted in the planation of the BAP plateau by 13 Ma and its subsequent 
widespread weathering after this time; and post-13 Ma, promoting the incision of the 
BAP, formation of the Paraiba, Pomba, and the coastal plains. Whether the second 
major denudation event occurred in the 35-20 or 60-45 Ma interval, as inferred from the 
thermochronology results of Carmo (2005) or Cogné et al. (2012), respectively, or it 
occurred in the 40-13 Ma period, as inferred from weathering record, it remains to be 
resolved. But local incision and denudation after ~ 13 Ma, which carved the rift valleys 
and coastal plains, is compatible with both weathering geochronology and the AFT-
AHe results. 
The weathering record, on the other hand, is incompatible with a history of 
weathering, burial, and exhumation proposed by Japsen et al. (2011). The apparent 
“gap” – a decrease in age frequency – in our weathering record at 40-13 Ma suggest a 
decrease in rate of formation or preservation of weathering profiles in the continental 
interior. Sporadic Min oxide precipitation ages as young as ~ 15 Ma in the QF and 
spanning the entire period from ca. 40 to 1 Ma in the transition zone (Table 2) suggests 
that weathering profiles were continuously exposed at the Earth’s surface throughout 
the entire Cenozoic. If these profiles had been buried at the depths required by Japsen et 
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al. (2011), conditions would have gone from oxidized to reducing, leading to the 
dissolution of the weathered assemblages; recrystallization and metamorphism of 
supergene clay minerals (e.g., kaolinite to illite); and removal of the cover sequence 
responsible for burying the weathering profiles to the the exact level needed to bring the 
buried weathering profile back to the Earth’s surface. In addition, as some of the 
weathering profiles investigated occur at the highest elevations in the present landscape, 
it is difficult to envisage a source of sufficient sediments to deeply bury these profiles. 
Therefore, we interpret the irregular distribution in the ages of supergene minerals 
through time (Figure 7) to reveal variations in the rates of formation and erosion of the 
weathered covers, not intermittent exposure-burial-re-exposure of weathering profiles as 
proposed by Japsen et al. (2011).  
 
5.6 Weathering ages constraints on erosional and sedimentation cycles 
A probability density plot for our weathering ages (Figure 7) suggests periods of 
more active weathering alternating with paucity in supergene mineral precipitation. A 
plausible interpretation for this episodic distribution of weathering ages is that they 
identify weathering-prone and erosion-prone intervals (Vasconcelos et al., 1994b). For 
the QF, the period between 70 and 40 Ma appears to be a period of active weathering 
and slow erosion. The simple preservation of a complex stratified weathering profile 
suggests that, at least locally, weathering rates were faster than erosion rates. For the 
BAP, the period between 13 and 5 Ma also appears to be a period conducive to 
weathering, while the record for the PSV and the coastal plains suggest that weathering 
prone conditions may have persisted or alternated with brief periods of erosion-prone 
conditions from 4 Ma to the Present.  
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A comparison between our weathering geochronology results and the sedimentary 
record in offshore basins (Figure 10) suggests that the main period of erosion that 
carved the BAP and incised the valleys and coastal plains in SE Brazil initiated at ~ 40 
Ma and produced the large influx of siliciclastic sediments into the adjacent Espírito 
Santo (Gamboa et al., 2010) and Campos Basins (Fetter et al., 2009; Contreras et al., 
2010) (Figure 10). 
 
Figure 10. (a) The weathering geochronology curve for SE Brazil may be interpreted as 
alternating weathering- and erosion-prone conditions. The distribution in weathering 
geochronology results suggest that the interval between 40 Ma (when the QF profiles 
reached their maximum depths) and 13 Ma (when the BAP surface transitioned from 
weathering- to erosion-limited) identifies the period of strong incision of the SE 
landscape. (b) A correlation between our weathering curve and the sedimentary records 
for the Espírito Santo Basin shows the our periods of strong incision correspond to 
increased influx of siliciclastic sediments into the offshore basin. Stratigraphic units: 
URU= Urucutuca Fm, ABR= Abrolhos Fm, CAR= Caravelas Fm, RD= Rio Doce Fm, 
BAR= Barreiras FM, SPA= Alluvial plain sediments. 
 
5.7 Testing denudation chronology models 
Despite the fact that classic pre plate tectonics geomorphological models have 
fallen in disfavor and are considered outdated, they still provide the framework for 
modern geological education (Grotzinger et al., 2010). They also provide a framework 
for geomorphological discussions on the evolution of cratonal landscapes (Smith et al., 
1999; Pazzaglia, 2003; Bishop, 2007; Rabassa and Ollier, 2014). In addition, no 
modern alternatives for long-term (10-100 Ma) continental-scale landscape evolution 
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models have been proposed to replaced those of Davis (1899), Penck (1924, 1953), 
King (1953), Gilbert (1877), or Hack (1960). Lastly, Kooi and Beaumont (1996) show 
that these models are entirely compatible with geomorphic transport laws and modern 
plate tectonics, and do not suffer from any fundamental flaw. Despite being deemed 
outdated, they were never properly tested (erosion surfaces could not be properly dated) 
but simply abandoned. Therefore, some of these models might still be valid, and they 
could be corroborated or disproven with modern experimental and numerical tools.  
We use our geochronological results, and their application in dating landsurfaces, 
to test which of the classic models best fits observations and measured ages in 
southeastern Brazil. Weathering geochronology reveals that regional landsurfaces have 
ages, that landsurfaces at similar elevations share a common age, and that higher 
elevation surfaces are older than lower elevation surfaces. Thermochronological results 
reveal that uplift and exhumation in southeastern Brazil is episodic, and that the cooling 
episodes roughly predate the formation of the weathering profiles that blanket each 
surface. Finally, the coincidence in long-term erosion rates estimated from denudation 
chronology and rates measured from cosmogenic isotope studies, as summarize in 
Figure 9b and discussed above, suggest that topographically distinct land surfaces 
evolved at different times and underwent different amounts of erosion, revealing a 
landscape not in dynamic equilibrium. 
Dynamic equilibrium, the fundamental principle in the landscape evolution model 
of Hack (1960) (Figure 1d), regards the entire regional topography as belonging to a 
single system where the slopes and altitudes of mountains and lowlands evolve together 
at the same rate. This is clearly not the case in southeastern Brazil, suggesting that 
dynamic equilibrium does not satisfactorily depicts the history of landscape evolution in 
this region. On the other hand, the preservation of ancient, complete, and chemically 
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stratified lateritic weathering profiles at the summit surfaces of the Quadrilátero 
Ferrífero are also incompatible with Davis’ (1899) and Penck’s (1953) models, in which 
topographic summits would be progressively down wasted as the landscape evolved 
towards peneplains or endrumpfs (Figure 1). Therefore, the only model compatible with 
the regional geochronological results presented here is the one postulated by King 
(1953), where uplift and erosion are episodic, scarp retreat is the dominant process in 
denudation and erosion concentrated at retreating escarpments permits preservation of 
ancient weathering profiles at plateau summits (Figure 1).  
 
6. Conclusions 
40
Ar/
39
Ar geochronological results obtained for 346 grains of supergene Mn 
oxides precipitated and preserved in distinct weathering profiles distributed throughout 
southeastern Brazil show an increase in weathering age from the coast towards the 
interior. The results provide a geochronological database showing that: (1) weathering 
ages are distinct for different geomorphological provinces in SE Brazil; (2) weathering 
profiles from a same weathered landsurface yield compatible and internally consistent 
ages; and (3) the age and characteristics of the weathering profiles vary systematically 
among the independently identified weathered landsurfaces, where the oldest and most 
complex lateritic weathering profiles occur at the highest elevation weathered 
landsurfaces, intermediate age weathering profiles represented by deep saprolites occur 
at intermediate elevation weathered landsurfaces, and the most incipient and youngest 
weathering profiles blanket the most dissected lowest elevation weathered landsurfaces. 
The geochronological results, when plotted on denudation chronology maps generated 
entirely from field observations more than 60 years ago (King, 1956a), indicate that the 
hierarchy of landsurface ages and erosional cycles proposed from field observations and 
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topographic correlations are substantiated by weathering geochronology. The results 
reveal that the regional landscape in southeastern Brazil is not in dynamic equilibrium 
and has not been in dynamic equilibrium throughout the Cenozoic. Finally, the results 
validate largely abandoned but not disproven long-term landscape evolution models and 
show that erosion surfaces are measurable and datable components of the physical 
reality of continental landscapes. If properly dated, weathered erosion surfaces provide 
calibration tools useful for improving our understanding of the geomorphological 
evolution of cratonal landscapes. 
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1 
Site 
Coordinates 
(WGS84) 
Occurren
ce 
Elevati
on 
Sample # 
Lab run, # 
analysis 
Depth Host Rock Weathering 
  Lat Long   (m)     (m)   Stage 
QUADRILÁTERO FERRÍFERO                   
          Varanda de Pilatos (Serra da Moeda/W flank Moeda 
Syncline) 
W 
43.9787 
S 
20.1933 mining pit 1440 QFVP-00/1-2a Série 11 # 414 surface BIF Duricrust 
    
1440 QFVP-00/1-2b Série 11 # 415 surface BIF Duricrust 
    
1440 QFVP-00/2-1 Série 11 # 417 surface BIF Duricrust 
 
   
1440 QFVP-00/3 Série 11 # 418 surface BIF Duricrust 
          
Moeda Road (Serra da Moeda/W flank Moeda Syncline) 
W 
43.9579 
S 
20.2720 road cut 1480 QFMO-00/1-3a Série 11 # 420 surface BIF Duricrust 
    
1480 QFMO-00/1-3b Série 11 # 421 surface BIF Duricrust 
    
1480 QFMO-00/1-4a Série 15 # 828 surface BIF Duricrust 
    
1480 QFMO-00/1-4b Série 15 # 829 surface BIF Duricrust 
    
1480 QFMO-00/2-2a Série 11 # 423 surface BIF Duricrust 
    
1480 QFMO-00/2-2b Série 11 # 424 surface BIF Duricrust 
    
1480 QFMO-00/2-4 Série 11 # 425 surface BIF Duricrust 
    
1480 QFMO-00/3-1 Série 15 # 830 surface BIF Duricrust 
    
1480 QFMO-00/4-3 Série 11 # 426 surface BIF Duricrust 
    
1480 QFMO-00/5-2 Série 15 # 428 surface BIF Duricrust 
    
1480 QFMO-00/6-1a Série 15 # 429 surface BIF Duricrust 
    
1480 QFMO-00/6-1b Série 15 # 430 surface BIF Duricrust 
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1480 QFMO-00/7-1 Série 15 # 431 surface BIF Duricrust 
    
1480 QFMO-00/7-3 Série 15 # 432 surface BIF Duricrust 
    
1480 QFMO-00/8-1a Run 43 # 2495 surface BIF Duricrust 
    
1480 QFMO-00/8-2 Run 43 # 2498 surface BIF Duricrust 
    
1480 QFMO-00/8-3 Run 43 # 2499 surface BIF Duricrust 
    
1480 QFMO-00/8-4 Run 43 # 2501 surface BIF Duricrust 
    
1480 QFMO-05/1-cml Run 68 # 4108 surface BIF Duricrust 
    
1480 
QFMO-05/3-1a 
(upper) Run 68 # 4109 surface BIF Duricrust 
    
1480 
QFMO-05/3-1b 
(lowertoupper) Run 68 # 4111 surface BIF Duricrust 
 
         Serra da Moeda top (Serra da Moeda/W flank Moeda 
Syncline) 
  
mining pit 
      
 
W 
43.9658 
S 
20.2580 
 
1462 QFMO-top/1-1 Run 68 # 4112 surface BIF Duricrust 
 
W 
43.9655 
S 
20.2585 
 
1478 QFMO-top/2-1a Run 68 # 4114 surface BIF Duricrust 
     
QFMO-top/2-1b Run 68 # 4115 surface BIF Duricrust 
     
QFMO-top/2-1c N/A 
   
     
QFMO-top/2-2a N/A 
   
     
QFMO-top/2-2b Run 68 # 4117 surface BIF Duricrust 
 
W S 
 
1482 QFMO-top/3-1 Run 68 # 4118 surface BIF Duricrust 
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43.9654 20.2587 
  
         Serra da Moeda Mining (Serra da Moeda/W flank Moeda 
Syncline) 
W 
43.9287 
S 
20.3790 mining pit 1380 QFMSM-01/1-1 Run 43 # 2486 ~150.00 BIF Saprolite 
    
1380 QFMSM-01/1-2 Run 43 # 2487 ~150.00 BIF Saprolite 
    
1380 QFMSM-01/2-1 Série 15 # 659 ~140.00 BIF Saprolite 
    
1380 QFMSM-01/2-2 Run 43 # 2488 ~140.00 BIF Saprolite 
 
   
1380 QFMSM-01/3-1b Run 43 # 2490 ~150.00 BIF Saprolite 
          
Sapecado Mine (E flank Moeda Syncline) 
W 
43.8745 
S 
20.2463 mining pit 1400 QFSAP-01/1-1 Run 35 # 1727 50.00 BIF Saprolite 
 
W 
43.8747 
S 
20.2494 
 
1400 QFSAP-01/2a Run 43 # 2483 50.00 BIF Saprolite 
    
1400 QFSAP-01/2b Run 43 # 2484 50.00 BIF Saprolite 
    
1400 QFSAP-01/2c Run 43 # 2485 50.00 BIF Saprolite 
 
W 
43.8671 
S 
20.2505 
 
N/A SAP 08/02-12.80 Run 48 # 2677 12.80 BIF Saprolite 
 
W 
43.8817 
S 
20.2588 
 
1318 SAP 09/99-75.70 Run 48 # 2666 75.70 BIF Saprolite 
    
1359 SAP 16/01-67.00 Run 48 # 2658 67.00 BIF Saprolite 
    
1358 SAP 16/01-68.00 Run 48 # 2659 68.00 BIF Saprolite 
    
1357 SAP 16/01-69.00 Run 48 # 2660 69.00 BIF Saprolite 
    
1381 SAP 17/01-22.60 Run 48 # 2649 22.60 BIF Saprolite 
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1379 SAP 17/01-24.60 Run 48 # 2650 24.60 BIF Saprolite 
    
1378 SAP 17/01-25.60 Run 48 # 2652 25.60 BIF Saprolite 
    
1377 SAP 17/01-26.60 Run 48 # 2653 26.60 BIF Saprolite 
    
1376 SAP 17/01-28.50 Run 48 # 2655 28.50 BIF Saprolite 
    
1358 SAP 19/01-41.00 Run 48 # 2661 41.00 BIF Saprolite 
    
1354 SAP 19/01-45.00 Run 48 # 2662 45.00 BIF Saprolite 
    
1353 SAP 19/01-46.00 Run 48 # 2663 46.00 BIF Saprolite 
    
1351 SAP 19/01-49.00 Run 48 # 2664 49.00 BIF Saprolite 
    
1340 SAP 24/99-83.10 Run 48 # 2656 83.10 BIF Saprolite 
    
1399 SAP 25/01-45.00 Run 48 # 2665 45.00 BIF Saprolite 
    
1278 SAP 37/02-60.55 Run 48 # 2667 60.55 BIF Saprolite 
    
N/A SAP 37/02-61.30 Run 48 # 2670 61.30 BIF Saprolite 
    
N/A SAP 37/02-62.00 Run 48 # 2671 62.00 BIF Saprolite 
    
1277 SAP 37/02-62.00B Run 48 # 2673 62.00 BIF Saprolite 
    
1276 SAP 37/02-62.50 Run 48 # 2674 62.50 BIF Saprolite 
    
1351 SAP 51/02-120.60 Run 48 # 2676 120.60 BIF Saprolite 
 
         
Andaime Mine 
W 
43.8671 
S 
20.1755 mining pit 1311 AND 08/02-33.20 Run 48 # 2679 33.20 BIF Saprolite 
    
1266 AND 08/02-84.15 Run 48 # 2680 84.15 BIF Saprolite 
    
1311 AND 15/02-53.30 Run 48 # 2681 53.30 BIF Saprolite 
    
1281 AND 15/02-87.65 Run 48 # 2682 87.65 BIF Saprolite 
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Capão Mine 
W 
43.6369 
S 
20.4263 trench 1240 QFCAP-01/1 Série 15 # 645 surface phyllite Saprolite 
           
         
Escorpião Mine 
W 
43.6566 
S 
20.1078 mining pit 1351 QFME-05/1 N/A 10-30 BIF Saprolite 
 
W 
43.6566 
S 
20.1080 
 
1349 QFME-05/2 N/A 10-30 BIF Saprolite 
 
W 
43.6565 
S 
20.1081 
 
1350 QFME-05/3 N/A 10-30 BIF Saprolite 
 
W 
43.6566 
S 
20.1082 
 
1349 QFME-05/4 N/A 10-30 BIF Saprolite 
 
W 
43.6565 
S 
20.1083 
 
1349 QFME-05/5 Run 68 # 4205 10-30 BIF Saprolite 
 
W 
43.6565 
S 
20.1085 
 
1356 QFME-05/6 N/A 10-30 BIF Saprolite 
 
W 
43.6566 
S 
20.1087 
 
1360 QFME-05/7 N/A 10-30 BIF Saprolite 
 
W 
43.6593 
S 
20.1089 
 
1362 QFME-05/8 N/A 10-30 BIF Saprolite 
 
W 
43.6563 
S 
20.1089 
 
1367 QFME-05/9 N/A 10-30 BIF Saprolite 
 
W S 
 
1373 QFME-05/10 N/A 10-30 BIF Saprolite 
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43.6564 20.1090 
 
W 
43.6561 
S 
20.1093 
 
1377 QFME-05/11 Run 68 # 4216 10-30 BIF Saprolite 
 
W 
43.6560 
S 
20.1095 
 
1374 QFME-05/12 N/A 10-30 BIF Saprolite 
 
W 
43.6561 
S 
20.1096 
 
1394 QFME-05/13 N/A 10-30 BIF Saprolite 
 
W 
43.6560 
S 
20.1122 
 
1410 QFME-05/14a Run 68 # 4223 10-30 BIF Saprolite 
    
1410 QFME-05/14b Run 68 # 4224 10-30 BIF Saprolite 
 
W 
43.6560 
S 
20.1122 
 
1408 QFME-0514* Run 68 # 4226 10-30 BIF Saprolite 
 
W 
43.6564 
S 
20.1097 
 
1408 QFME-05/15a Run 68 # 4227 10-30 BIF Saprolite 
 
W 
43.6564 
S 
20.1097 
 
1408 QFME-05/15b Run 68 # 4229 10-30 BIF Saprolite 
 
W 
43.6564 
S 
20.1099 
 
1416 QFME-05/16 N/A 10-30 BIF Saprolite 
 
W 
43.6561 
S 
20.1099 
 
1427 QFME-05/17 Run 68 # 4233 10-30 BIF Saprolite 
 
W 
43.6552 
S 
20.1126 
 
1487 QFME-05/18 N/A 10-30 BIF Saprolite 
 
W S 
 
1517 QFME-05/19 N/A 10-30 BIF Saprolite 
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43.6524 20.1119 
                    
TRANSITION ZONE                   
          
Morro da Mina Mine 
W 
43.7723 
S 
20.6337 mining pit 1050 CLMM-01/1-1 Série 15 # 624 ~30.00 Carbonate Duricrust ? 
    
1050 CLMM-01/1-2 Run 43 # 2454 ~30.00 Carbonate Duricrust ? 
    
1050 CLMM-01/1-4a un 43 # 2457 ~30.00 Carbonate Duricrust ? 
    
1050 CLMM-01/2-1a-botr Run 43 # 2462 ~35.00 Carbonate Saprolite 
    
1050 
CLMM-01/2-1a-
mass Run 43 # 2463 ~35.00 Carbonate Saprolite 
    
1050 CLMM-01/2-1b Run 43 # 2464 ~35.00 Carbonate Saprolite 
    
1050 CLMM-01/3-3 Série 15 # 641 ~35.00 Carbonate Saprolite 
      
Run 43 # 2465 
    
         
Estiva Mine 
W 
43.7583 
S 
20.6409 outcrop 980 CLETV-01/1-1 Série 15 # 687 surface Gondite? Saprolite 
      
Série 15 # 688 
   
    
980 
 
Run 35 # 1719 
   
    
980 CLETV-01/1-3 Run 35 # 1721 surface 
 
Saprolite 
 
         
Cabeça de Pedra 
W 
43.7777 
S 
19.9150 outcrop 1125 QFCP-03/1-1 Run 68 # 4119 surface BIF Saprolite 
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1125 QFCP-03/1-2 Run 68 # 4120 surface BIF Saprolite 
    
1125 QFCP-03/1-3 N/A surface BIF Saprolite 
    
1125 QFCP-03/1-4 N/A surface BIF Saprolite 
    
1125 QFCP-03/1-5 N/A surface BIF Saprolite 
    
1125 QFCP-03/1-6 N/A surface BIF Saprolite 
    
1125 QFCP-03/1-7 Run 68 # 4124 surface BIF Saprolite 
    
1135 QFCP-03/2-2 Run 68 # 4125 surface BIF Saprolite 
                 
BRAZILIAN ATLANTIC PLATEAU                   
          Top of dissected hills 
         
          
Campolide 
W 
43.8344 
S 
21.2991 road cut 1140 Cpl-99-1 Série 7 # 217 0-2.00 Gondite Saprolite 
    
1140 Cpl-99-2a Série 7 # 218 0-2.00 Gondite Saprolite 
     
Cpl-99-2b Série 7 # 219 0-2.00 Gondite 
 
     
Cpl-99-2c Série 7 # 220 0-2.00 Gondite 
 
     
Cpl-99-2d Série 7 # 221 0-2.00 Gondite 
 
     
Cpl-99-2e Série 7 # 222 0-2.00 Gondite 
  
         
Cachoeira Mine 
W 
44.4423 
S 
21.0306 mining pit 1040 SJFCa-01/1-1a1 Série 15 # 666 60.00 schist Saprolite 
    
1040 SJFCa-01/1-1a2 Série 15 # 667 60.00 schist Saprolite 
    
1040 SJFCa-01/1-1b Série 15 # 669 60.00 schist Saprolite 
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1040 SJFCa-01/1-2 Série 15 # 672 60.00 schist Saprolite 
    
1040 SJFCa-01/1-3a Série 15 # 673 60.00 schist Saprolite 
    
1055 SJFCa-01/2 Série 15 # 680 45.00 schist Saprolite 
    
1055 SJFCa-01/2-1 Run 42 # 2300 45.00 schist Saprolite 
    
1058 SJFCa-01/3 Série 15 # 681 42.00 schist Saprolite 
    
1058 SJFCa-01/3-1 Run 42 # 2301 42.00 schist Saprolite 
    
1058 SJFCa-01/3-2 Run 42 # 2302 42.00 schist Saprolite 
    
1100 SJFCa-01/4a Série 15 # 682 surface schist Duricrust 
    
1100 
 
Run 43 # 2474 
   
    
1100 SJFCa-01/4b Run 43 # 2475 surface schist Duricrust 
    
1100 SJFCa-01/4c Run 43 # 2477 surface schist Duricrust 
    
1100 SJFCa-01/4-1 Run 42 # 2303 surface schist Duricrust 
    
1100 SJFCa-01/4-2 
Run 42 # 
2287A surface schist Duricrust 
    
1100 SJFCa-01/4-3 
Run 42 # 
2284A surface schist Duricrust 
 
         
Penedo Mine 
W 
44.2771 
S 
21.0013 mining pit 930 SJPEN-01/1-1 Run 43 # 2478 10.00 Gondite Saprolite/saprock 
    
930 SJPEN-01/1-2a Run 43 # 2480 10.00 Gondite Saprolite/saprock 
    
930 SJPEN-01/1-2b Run 35 # 1725 10.00 Gondite Saprolite/saprock 
 
         Tratex Mining (W border of Doce River) W S mining pit 940 Tx6-99/3a Série 7 # 249 ~6.00 Gondite Saprolite 
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42.8923 20.0391 
    
940 Tx6-99/3b Série 7 # 250 ~6.00 
  
    
N/A Tx7-99/2a Série 7 # 257 N/A Gondite Saprolite 
 
         Divino das Laranjeiras/Linópolis pegmatites N/A N/A mine 800 PEG-01 Run 2 # 55 5.00 Pegmatite Saprolite 
           
         Serra da Mantiqueira 
         
          
Sítio do Vale (Fervedouro, MG) 
W 
42.2746 
S 
20.7322 mining pit 800 SV-01/1-2 Série 15 # 831 ~10.00 gneiss Saprolite 
           
         
São Pedro do Rates, RJ 
W 
41.8105 
S 
20.7605 outcrop 760 SPR-01/1 N/A surface Gondite Saprolite 
 
W 
41.8070 
S 
20.7602 outcrop 760 SPR-01/2 N/A 2.00 Gondite Saprolite 
 
W 
41.7539 
S 
20.7958 road cut 760 SPR-01/3 N/A 2.00 Gondite Saprolite 
          Serra da Mar 
         
          
São João do Paraíso, RJ 
W 
41.9134 
S 
21.4823 road cut 480 SJP-01 N/A 0-1.00 Gneiss Saprolite 
          
ACCEPTED MANUSCRIPT
AC
CE
PTE
D M
AN
US
CR
IPT
EARTH_2561_original - 2/10/2018 
 
11 
  
         
Cambuci 
W 
41.9215 
S 
21.5021 road cut 600 CAMB-01 N/A 0-1.00 Gneiss Saprolite 
                          
PARAÍBA DO SUL VALLEY                   
          
Volta Grande, MG 
W 
42.4927 
S 
21.7821 mining pit 230 VG-01/1-1 Run 42 # 1970 1.00-3.00 Gondite Saprolite 
    
230 VG-01/1-2a Run 42 # 1973 1.00-3.00 Gondite Saprolite 
    
230 VG-01/1-2b Run 42 # 1974 1.00-3.00 Gondite Saprolite 
    
230 VG-01/2-1a Série 15 # 820 1.00-3.00 Gondite Saprolite 
      
Run 42 # 1977 
   
    
230 VG-01/2-1b Run 42 # 1979 1.00-3.00 Gondite Saprolite 
    
230 VG-01/2-2a Run 42 # 1980 1.00-3.00 Gondite Saprolite 
    
230 VG-01/2-2b Run 42 # 1981 1.00-3.00 Gondite Saprolite 
    
230 VG-01/2-2c Run 42 # 1982 1.00-3.00 Gondite Saprolite 
    
230 VG-01/2-2d Run 42 # 1983 1.00-3.00 Gondite Saprolite 
 
         
Resende Basin 
W 
44.2206 
S 
22.4005 outcrop 480 Mod-12 Série 7 # 208 1.00-2.00 Arenite/argilite Saprolite 
    
480 Mod-12a1 Run 43 # 2012 1.00-2.00 Arenite/argilite Saprolite 
    
480 Mod-12a2 Run 43 # 2013 1.00-2.00 Arenite/argilite Saprolite 
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Volta Redonda Basin 
W 
44.0412 
S 
22.5366 road cut 470 VR-35 Run 43 # 2019 2.00 
Arcosean 
arenite Saprolite 
           
         
Laje do Muriaé, RJ 
W 
42.1004 
S 
21.1838 road cut 160 EUG-03 N/A 5.00 
Quartz vein in 
gneiss Saprolite 
                          
COASTAL RANGE                   
          Serra do Mar scarp front 
         
          
Itaboraí-Cachoeira de Macacu, RJ 
W 
42.8252 
S 
22.5522 quarry 60 ITB-01/1 Série 15 # 901 ~15.00 Gneiss Saprock 
    
60 ITB-01/2-1 Série 15 # 898 ~10.00 Gneiss Saprock 
     60 ITB-01/2-2 Série 15 # 900 ~10.00 Gneiss Saprock 
          COASTAL PLAIN                
          
Búzios, RJ 
W 
41.8787 
S 
22.7667 outcrop 0 FC8-1 
Run 106 # 
6631 
 
Gneiss Saprock 
 
W 
41.8788 
S 
22.7659 
 
0 FC8-2 (a, b, c) 
Run 106 # 
6627, 6628, 
6630 
 
Gneiss Saprock 
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Site Sample Elevation Run ID# Plateau Age ±2 Integrated Age ±2 
  (m)  (Ma) (Ma) (Ma) (Ma) 
        
        
Quadrilátero Ferrífero        
        Serra da Moeda/Varanda de Piltatos QFVP-00/1-2a 1440 414-01 - - 44.6 0.3 
West Quadrilátero Ferrífero, MG   414-02 - - 33.3 0.3 
   414-03 - - 33.3 0.2 
 QFVP-00/1-2b  415-01 43.8* 1.0 36.5 0.2 
   415-02 43.7** 0.1 40.4 0.2 
   415-03 63.7* 1.9 52.6 0.2 
 QFVP-00/2-1  417-01 39.0* 2.0 35.8 0.2 
   417-02 46.7** 0.2 35.3 0.2 
   417-03 42.0* 2.0 36.0 0.2 
 QFVP-00/3  418-01 35.9 0.3 37.9 0.2 
   418-02 37.6* 0.7 39.6 0.3 
   418-03 39.1* 1.1 39.7 0.2 
Serra da Moeda/Moeda Road QFMO-00/1-3a 1480 420-01 52.0** 0.2 50.3 0.2 
West Quadrilátero Ferrífero, MG   420-02 55.7** 0.1 53.8 0.2 
   420-03 50.2** 0.1 48.4 0.2 
 QFMO-00/1-3b  421-01 51.9* 0.8 49.8 0.2 
ACCEPTED MANUSCRIPT
AC
CE
PTE
D M
AN
US
CR
IPT
EARTH_2561_original - 2/10/2018 
 
15 
   421-02 51.6** 0.1 50.7 0.2 
   421-03 50.1* 1.5 48.7 0.2 
 QFMO-00/1-4a  828-01 32.9 1.7 44.2 1.1 
   828-02 - - 47.3 0.6 
   828-03 - - 44.7 0.7 
 QFMO-00/1-4b  829-01 - - 53.4 0.3 
   829-02 53.8** 0.2 51.6 0.3 
   829-03 65.5** 0.5 51.9 0.5 
 QFMO-00/2-2a  423-01 54.3** 0.1 53.8 0.2 
   423-02 54.4 0.5 54.1 0.4 
   423-03 54.8** 0.1 53.8 0.2 
 QFMO-00/2-2b  424-01 59.6** 0.2 52.7 0.2 
   424-02 65.7** 0.4 50.9 0.4 
   424-03 58.2* 1.9 52.0 0.2 
 QFMO-00/2-4  425-01 51.3* 0.5 51.1 0.2 
 QFMO-00/3-1  830-01 60.9* 1.3 52.0 0.3 
   830-02 50.2* 1.7 47.2 0.3 
   830-03 - - 53.8 0.2 
 QFMO-00/5-2  428-01 - - 42.7 0.6 
   428-02 - - 38.9 1.6 
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   428-03 25.0 4.0 42.0 3.0 
 QFMO-00/6-1a  429-01 - - 41.0 1.6 
   429-02 - - 40.1 2.0 
   429-03 27.5 1.9 35.9 1.0 
 QFMO-00/6-1b  430-01 34.1 1.3 40.2 0.7 
   430-02 37.0 2.0 42.3 1.4 
   430-03 31.0 1.3 35.4 0.9 
 QFMO-00/7-1  431-01 - - 45.0 0.8 
   431-02 43.0 0.6 41.4 0.3 
   431-03 - - 45.9 0.8 
 QFMO-00/7-3  432-01 43.6* 0.9 41.3 0.2 
   432-02 - - 45.2 1.1 
   432-03 48.5 0.4 42.1 0.3 
 QFMO-01/8-1a  2495-01 52.0** 0.5 41.4 0.6 
   2495-02 50.1* 1.3 46.0 0.4 
 QFMO-01/8-2  2498-01 - - 36.7 1.1 
   2498-02 - - 34.9 0.6 
 QFMO-01/8-3  2499-01 47.8** 0.2 45.3 0.4 
   2499-02 47.7** 0.2 46.1 0.4 
 QFMO-01/8-4  2501-01 - - 40.0 0.9 
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   2501-02 48.0 2.0 32.4 1.9 
 QFMO-05/1cml  4108-01 30.6 1.7 42.6 1.4 
   4108-02 31.0 2.0 43.0 2.0 
 QFMO-05/3-1a  4109-01 - - 43.0 2.0 
   4109-02 35.0 4.0 45.0 2.0 
 QFMO-05/3-1b  4111-01 - - 42.0 2.0 
   4111-02 48.0 3.0 41.0 3.0 
Serra da Moeda/Moeda Road QFMO-top/1-1 1462.5 4112-01 41.7 0.4 41.7 0.4 
West Quadrilátero Ferrífero, MG   4112-02 42.0* 1.2 41.3 0.6 
 QFMO-top/2-1a 1478.2 4114-01 43.2 0.5 42.1 0.4 
   4114-02 43.3 0.4 42.7 0.4 
 QFMO-top/2-1b 1478.2 4115-01 44.4 0.5 42.2 0.5 
   4115-02 44.4 0.4 42.1 0.4 
 QFMO-top/2-2b  4117-01 44.0* 2.0 41.6 0.8 
   4117-02 41.7 0.4 39.9 0.6 
 QFMO-top/3-1 1481.9 4118-01 46.9** 0.4 41.3 0.6 
      4118-02 51.3** 0.4 43.8 0.6 
Serra da Moeda/Serra da Moeda Mining QFMSM-01/1-1 1380 2486-01 28.9* 1.2 24.0 0.2 
West Quadrilátero Ferrífero, MG   2486-02 29.5* 0.6 26.4 0.2 
 QFMSM-01/1-2  2487-01 36.0 8.0 23.0 3.0 
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   2487-02 - - 23.4 1.7 
 QFMSM-01/2-1  659-01 19.5 1.2 33.6 1.1 
   659-02 19.0* 3.0 33.1 1.4 
   659-03 19.0 4.0 35.0 5.0 
 QFMSM-01/2-2  2488-02 34.0* 2.0 31.9 0.5 
 QFMSM-01/3-1b  2490-01 35.0 5.0 21.0 2.0 
Sapecado Mine QFSAP-01/1-1 1400 1727-01 32.5 1.7 44.0 3.0 
West Quadrilátero Ferrífero, MG QFSAP-01/2a  2483-01 53.4** 0.3 55.3 0.4 
   2483-02 60.3* 1.4 57.3 0.3 
 QFSAP-01/2b  2484-01 58.9** 0.4 55.8 0.5 
   2484-02 58.3* 1.4 54.1 0.5 
 QFSAP-01/2c  2485-01 - - 55.1 1.2 
   2485-02 65.0 6.0 53.0 4.0 
 SAP 08/02-12.80 1318.4 2677-01 22.8** 1.0 47.4 1.3 
 SAP 09/99-75.70  2666-01 45.0 3.0 86.0 4.0 
   2666-02 55.6 0.9 50.7 0.8 
   2666-03 46.7 1.4 45.6 1.1 
 SAP 16/01-67.00 1358.7 2658-01 45.0 0.5 46.9 0.5 
   2658-02 44.9 0.5 45.7 0.5 
   2658-03 44.8 0.6 46.1 0.6 
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 SAP 16/01-68.00 1357.9 2659-01 43.1* 1.0 43.3 0.5 
   2659-02 43.2 0.5 43.4 0.5 
   2659-03 43.5 0.5 43.3 0.5 
 SAP 16/01-69.00 1357.0 2660-01 42.6** 0.2 42.9 0.5 
   2660-02 - - 71.6 1.3 
   2660-03 45.0 2.0 59.0 2.0 
 SAP 17/01-22.60 1380.9 2649-01 49.1 0.7 47.7 1.1 
   2649-02 51.5 0.9 48.1 1.4 
   2649-03 49.8 0.7 48.3 0.9 
 SAP 17/01-24.60 1379.2 2650-01 58.0* 2.0 53.6 0.8 
   2650-02 59.0* 0.9 54.9 0.7 
   2650-03 - - 47.0 3.0 
 SAP 17/01-25.60 1378.3 2652-01 52.0* 1.0 48.0 0.5 
   2652-02 52.4* 0.9 50.4 0.5 
   2652-03 49.0* 3.0 48.1 0.5 
 SAP 17/01-26.60 1377.5 2653-01 54.2 0.7 51.2 0.7 
   2653-02 54.7* 1.0 59.8 0.7 
   2653-03 53.5 0.8 53.7 0.7 
 SAP 17/01-28.50 1375.8 2655-01 46.7 0.5 45.6 0.5 
   2655-02 56.5 0.8 50.0 0.6 
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   2655-03 45.5** 0.4 47.9 0.8 
 SAP 19/01-41.00 1357.7 2661-01 49.8* 1.6 47.3 0.5 
   2661-02 48.3 0.6 46.7 0.5 
   2661-03 50.3 0.6 47.4 0.5 
 SAP 19/01-45.00 1354.3 2662-01 47.9* 0.8 48.3 0.5 
   2662-02 46.5 0.7 47.3 0.6 
   2662-03 47.5 0.9 47.9 0.7 
 SAP 19/01-46.00 1353.4 2663-01 56.5 0.7 54.1 0.6 
   2663-02 56.9* 0.7 53.8 0.6 
   2663-03 57.4 0.6 55.0 0.6 
 SAP 19/01-49.00 1350.8 2664-01 44.5 0.6 45.9 0.7 
   2664-02 46.1* 1.1 46.9 0.8 
   2664-03 44.1 0.7 49.4 0.7 
 SAP 24/99-83.10 1340.2 2656-01 47.6* 0.7 46.2 0.5 
   2656-02 47.5 0.5 46.5 0.5 
   2656-03 47.2* 0.7 50.7 0.5 
 SAP 25/01-45.00 1399.3 2665-01 64.0* 3.0 61.3 1.8 
   2665-02 63.0* 2.0 65.9 1.0 
   2665-03 67.0 2.0 72.8 1.4 
 SAP 37/02-60.55 1278.0 2667-01 32.6 1.2 32.2 1.1 
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   2667-03 25.0 5.0 19.0 5.0 
 SAP 37/02-62.00B  2673-01 17.6 1.2 12.3 0.5 
   2673-02 18.2 1.4 17.9 1.6 
   2673-03 17.4 0.7 15.3 0.8 
 SAP 37/02-62.50 1276.3 2674-01 14.7 0.2 14.3 0.3 
   2674-02 45.0 6.0 55.0 5.0 
   2674-03 - - 38.6 1.1 
 SAP 51/02-120.60 1351.1 2676-01 39.0 2.0 52.7 1.6 
   2676-02 38.0 4.0 53.0 2.0 
    2676-03 - - 54.4 0.9 
Andaime Mine AND 08/02-33.20 1310.6 2679-01 46.8 1.6 94.6 1.2 
West Quadrilátero Ferrífero, MG   2679-02 45.0 2.0 76.0 1.8 
   2679-03 47.4** 0.9 63.4 1.1 
 AND 08/02-84.15 1266.5 2680-01 49.3 0.9 39.4 0.5 
   2680-02 - - 37.8 0.6 
   2680-03 - - 36.1 0.8 
 AND 15/02-53.30 1310.8 2681-01 33.2 0.4 34.9 0.3 
   2681-02 39.3 0.5 40.0 0.3 
   2681-03 31.2 0.6 43.2 0.6 
 AND 15/02-87.65 1281.0 2682-01 32.4 0.2 31.6 0.2 
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   2682-02 33.2* 0.4 32.1 0.2 
      2682-03 33.3 0.3 32.1 0.2 
Escorpião Mine QFME-05/11 1377.2 4216-01 44.0* 3.0 35.5 1.1 
East Quadrilátero Ferrífero, MG   4216-02 45.0* 6.0 35.5 1.7 
 QFME-05/14a 1410 4223-01 36.0 0.6 36.3 0.5 
   4223-02 47.7 0.7 43.1 0.6 
 QFME-05/14b  4224-01 40.4 0.7 36.8 1.1 
   4224-02 41.0 2.0 36.4 1.5 
 QFME-05/14* 1408 4226-01 35.2 0.4 34.3 0.6 
   4226-02 36.5* 0.7 34.5 0.5 
 QFME-05/15a  4227-01 39.2* 1.1 38.1 0.4 
   4227-02 38.3 0.3 37.1 0.3 
 QFME-05/15b  4229-01 40.8* 0.6 38.9 0.4 
   4229-02 40.5* 1.1 38.3 0.3 
 QFME-05/17 1427 4233-01 43.1 1.6 39.0 3.0 
      4233-02 46.0 0.8 40.3 1.3 
        
Transition Zone        
        Morro da Mina Mine CLMM-01/1-1 1050 624-01 2.2 0.1 2.2 0.2 
Conselheiro Lafaiete, MG   624-02 2.1 0.6 1.4 0.5 
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   624-03 1.7 0.1 1.9 0.2 
 CLMM-01/1-2  2454-01 1.1 1.1 0.7 1.7 
   2454-02 1.7 0.7 1.0 2.0 
   2454-03 1.6 0.9 0.0 1.0 
 CLMM-01/1-4a  2457-02 2.0 0.7 1.9 1.1 
   2457-03 1.9 0.1 1.9 0.2 
 CLMM-01/2-1a massive  2463-01 2.0 0.4 2.5 0.8 
 CLMM-01/3-3  641-01 30.6** 1.4 18.0 2.0 
   641-02 28.5** 0.5 21.5 0.8 
   641-03 28.0 3.0 19.6 1.7 
   2465-01 23.1** 1.4 17.0 3.0 
   2465-02 17.0 3.0 10.0 3.0 
      2465-03 21.0 2.0 14.0 3.0 
Estiva CLETV-01/1-1 980 687-01 7.6 0.3 7.2 0.4 
Conselheiro Lafaiete, MG   687-02 8.9 0.7 7.1 0.8 
   688-01 7.7 0.1 8.6 0.2 
   688-02 7.9 0.3 8.3 0.4 
   1719-01 7.7 0.2 7.4 0.8 
Cabeça de Pedra QFCP-03/1-1 1125 4119-01 11.2 0.9 11.0 10.0 
North Quadrilátero Ferrífero, MG   4119-02 15.0 2.0 10.0 20.0 
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 QFCP-03/1-2  4120-01 13.5 1.6 10.0 3.0 
   4120-02 15.1 1.9 16.0 6.0 
 QFCP-03/1-7  4124-01 10.8 0.6 9.8 1.4 
   4124-02 12.0 0.4 11.8 0.7 
 QFCP-03/2-2 1135 4125-01 25.2 1.0 21.0 9.0 
      4125-02 34.0 4.0 30.0 30.0 
        
Brazilian Atlantic 
Plateau 
       
        Campolide CPL-99/2a  218-01 9.4 0.1 9.5 0.1 
Barbacena, MG   218-02 9.2 0.1 9.1 0.1 
 CPL-99/2b  219-01 8.6 0.1 8.6 0.1 
   219-02 8.9 0.1 8.9 0.1 
   219-03 8.9 0.1 8.9 0.1 
 CPL-99/2c  220-01 8.8 0.1 8.9 0.1 
   220-02 8.7 0.1 8.7 0.1 
   220-03 8.8 0.1 8.8 0.1 
 CPL-99/2d  221-01 8.8 0.1 8.8 0.1 
   221-02 9.0 0.1 9.0 0.1 
   221-03 8.8 0.1 8.8 0.1 
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 CPL-99/2e  222-01 9.1 0.3 9.3 0.1 
   222-02 9.4 0.2 9.3 0.1 
      222-03 9.5 0.2 9.5 0.1 
Cachoeira Mine SJFCa-01/1-1a1 1040 666-01 5.4 0.2 5.5 0.2 
São João del Rei, MG   666-02 6.0 0.1 6.0 0.2 
   666-03 5.9 0.1 6.0 0.1 
 SJFCa-01/1-1a2  667-01 5.3 0.3 5.0 0.6 
   667-02 6.0 0.4 5.9 0.4 
   667-03 5.5 0.2 5.4 0.3 
 SJFCa-01/1-1b  669-01 5.3 0.1 5.0 0.1 
   669-02 5.2 0.1 5.1 0.1 
 SJFCa-01/1-2  672-01 6.1 0.1 6.2 0.1 
   672-02 6.1 0.1 6.0 0.1 
 SJFCa-01/1-3a  673-01 6.3 0.2 6.2 0.2 
   673-02 6.4 0.3 6.2 0.2 
   673-03 6.6 0.1 6.5 0.1 
 SJFCa-01/2 1055 680-01 7.5 0.3 7.7 0.5 
   680-02 6.9 0.1 6.9 0.2 
   680-03 7.2 0.1 7.2 0.2 
 SJFCa-01/2-1  2300-01 6.2 0.1 6.6 0.3 
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   2300-02 6.1 0.2 5.5 0.2 
   2300-03 6.6* 0.4 6.5 0.5 
 SJFCa-01/3 1058 681-01 7.1 0.1 7.3 0.1 
   681-02 7.5 0.1 7.5 0.1 
 SJFCa-01/3-1  2301-01 6.6 0.1 7.1 0.1 
   2301-02 6.4 0.2 6.2 0.1 
   2301-03 7.1 0.2 7.3 0.2 
 SJFCa-01/3-2  2302-01 6.4 0.2 5.7 0.3 
   2302-02 6.5 0.1 6.4 0.1 
   2302-03 7.4 0.1 7.4 0.1 
 SJFCa-01/4a 1100 682-01 12.2 0.1 12.0 0.1 
   682-02 - - 12.6 0.1 
   682-03 12.7 0.1 12.3 0.1 
 SJFCa-01/4a  2474-01 12.0* 0.2 11.6 0.1 
   2474-02 12.4 0.1 12.1 0.1 
 SJFCa-01/4b  2475-01 12.2** 0.1 11.7 0.2 
   2475-02 12.2* 0.5 11.5 0.2 
 SJFCa-01/4c  2477-01 8.4 0.1 8.0 0.2 
   2477-02 10.7* 0.4 9.8 0.1 
 SJFCa-01/4-1  2303-01 11.8* 0.3 11.6 0.1 
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   2303-02 11.5 0.1 11.3 0.1 
   2303-03 11.0** 0.1 10.9 0.1 
 SJFCa-01/4-2  2287A-01 10.5 0.2 10.2 0.2 
   2287A-02 10.6 0.1 10.3 0.2 
   2287A-03 10.6 0.1 10.5 0.2 
 SJFCa-01/4-3  2284A-01 7.7 0.1 7.5 0.1 
   2284A-02 8.44** 0.04 8.4 0.1 
      2284A-03 8.0* 0.2 7.7 0.1 
Penedo Mine SJPEN-01/1-1 930 2478-01 1.4 0.4 1.4 0.5 
São João del Rei, MG   2478-02 1.5 0.2 1.4 0.3 
Tratex Mining TX6-99/3a  249-02 10.4 0.1 10.3 0.1 
Dom Silvério, MG TX6-99/3b  250-01 9.7** 0.2 11.9 0.3 
   250-02 10.2 0.3 10.0 0.2 
   250-03 10.2 0.1 10.2 0.1 
Pegmatites PEG-01 800 0055-01 9.0 0.1 8.8 0.7 
Divino das Laranjeiras/Linópolis, MG   0055-02 8.9 0.1 9.4 0.7 
   0055-03 8.8 0.1 8.6 0.3 
      0055-04 8.8* 0.2 9.5 0.9 
        
Paraíba do Sul Valley        
        
ACCEPTED MANUSCRIPT
AC
CE
PTE
D M
AN
US
CR
IPT
EARTH_2561_original - 2/10/2018 
 
28 
Volta Grande, MG VG-01/1-1 230 1970-01 4.1 0.1 4.5 0.2 
   1970-02 4.1 0.1 4.7 0.2 
   1970-03 4.2 0.2 4.4 0.2 
 VG-01/1-2a  1973-01 4.1 0.1 4.1 0.2 
   1973-02 4.2 0.1 4.5 0.2 
   1973-03 3.8 0.3 4.4 0.2 
 VG-01/1-2b  1974-01 3.8 1.0 3.4 1.6 
   1974-02 4.3 0.3 4.3 0.5 
   1974-03 4.4 0.7 5.8 1.2 
 VG-01/2-1a  820-01 3.6 0.1 3.7 0.1 
   820-02 3.8** 0.1 4.1 0.1 
   820-03 3.63 0.04 3.6 0.1 
 VG-01/2-1a  1977-01 4.1 0.4 5.1 0.4 
   1977-02 3.5** 0.2 4.2 0.3 
 VG-01/2-1b  1979-01 4.2 0.2 4.6 0.5 
   1979-03 4.0 0.2 4.1 0.3 
 VG-01/2-2b  1981-01 4.5 1.2 8.0 2.0 
   1981-02 4.0 0.7 4.1 1.0 
   1981-03 4.6 0.5 6.0 1.0 
 VG-01/2-2c  1982-01 4.0 0.1 4.3 0.1 
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 VG-01/2-2d  1983-01 4.1 0.1 4.3 0.1 
   1983-02 4.1** 0.1 4.5 0.3 
      1983-03 3.7 0.3 4.3 0.3 
Resende Basin Mod12 480 0208-01 1.46 0.04 1.5 0.1 
        
Coastal Plain        
        Praia da Foca FC8-1g 0 6631-01 0.9 0.1 0.8 0.3 
Búzios, RJ   6631-02 1.0 0.0 1.1 0.2 
 FC8-2a  6627-01 0.8 0.1 0.9 0.1 
   6627-02 0.9 0.1 1.0 0.1 
 FC8-2b  6628-01 0.9 0.1 0.9 0.1 
   6628-02 0.9 0.1 0.9 0.1 
 FC8-2c  6630-01 1.0 0.1 1.0 0.1 
      6630-02 1.0 0.1 1.0 0.2 
*forced plateau; **one step apparent age with 
39
Ar > 40%; strikethrough values= not reliable results (see text for comments)   
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